Three Candida albicans genes, designated FCR (for fluconazole resistance), have been isolated by their ability to complement the fluconazole (FCZ) hypersensitivity of a Saccharomyces cerevisiae mutant lacking the transcription factors Pdr1p and Pdr3p. Overexpression of any of the three FCR genes in the pdr1 pdr3 mutant resulted in increased resistance of the cells to FCZ and cycloheximide and in increased expression of PDR5, a gene coding for a drug efflux transporter of the ATP-binding cassette superfamily and whose transcription is under the control of Pdr1p and Pdr3p. Deletion of PDR5 in the pdr1 pdr3 strain completely abrogated the ability of the three FCR genes to confer FCZ resistance, demonstrating that PDR5 is required for FCRmediated FCZ resistance in S. cerevisiae. The FCR1 gene encodes a putative 517-amino-acid protein with an N-terminal Zn 2 C 6 -type zinc finger motif homologous to that found in fungal zinc cluster proteins, including S. cerevisiae Pdr1p and Pdr3p. We have constructed a C. albicans CAI4-derived mutant strain carrying a homozygous deletion of the FCR1 gene and analyzed its ability to grow in the presence of FCZ. We found that the fcr1⌬/fcr1⌬ mutant displays hyperresistance to FCZ and other antifungal drugs compared to the parental CAI4 strain. This hyperresistance could be reversed to wild-type levels by reintroduction of a plasmid-borne copy of FCR1 into the fcr1⌬/fcr1⌬ mutant. Taken together, our results indicate that the FCR1 gene behaves as a negative regulator of drug resistance in C. albicans and constitute the first evidence that FCZ resistance can result from the inactivation of a regulatory factor such as Fcr1p.
Three Candida albicans genes, designated FCR (for fluconazole resistance), have been isolated by their ability to complement the fluconazole (FCZ) hypersensitivity of a Saccharomyces cerevisiae mutant lacking the transcription factors Pdr1p and Pdr3p. Overexpression of any of the three FCR genes in the pdr1 pdr3 mutant resulted in increased resistance of the cells to FCZ and cycloheximide and in increased expression of PDR5, a gene coding for a drug efflux transporter of the ATP-binding cassette superfamily and whose transcription is under the control of Pdr1p and Pdr3p. Deletion of PDR5 in the pdr1 pdr3 strain completely abrogated the ability of the three FCR genes to confer FCZ resistance, demonstrating that PDR5 is required for FCRmediated FCZ resistance in S. cerevisiae. The FCR1 gene encodes a putative 517-amino-acid protein with an N-terminal Zn 2 C 6 -type zinc finger motif homologous to that found in fungal zinc cluster proteins, including S. cerevisiae Pdr1p and Pdr3p. We have constructed a C. albicans CAI4-derived mutant strain carrying a homozygous deletion of the FCR1 gene and analyzed its ability to grow in the presence of FCZ. We found that the fcr1⌬/fcr1⌬ mutant displays hyperresistance to FCZ and other antifungal drugs compared to the parental CAI4 strain. This hyperresistance could be reversed to wild-type levels by reintroduction of a plasmid-borne copy of FCR1 into the fcr1⌬/fcr1⌬ mutant. Taken together, our results indicate that the FCR1 gene behaves as a negative regulator of drug resistance in C. albicans and constitute the first evidence that FCZ resistance can result from the inactivation of a regulatory factor such as Fcr1p.
Pleiotropic drug resistance (PDR) is characterized by the cross-resistance of cells to a large number of structurally and functionally unrelated cytotoxic compounds. PDR has been extensively studied in the yeast Saccharomyces cerevisiae and involves a network of membrane-associated transporters functioning as energy-dependent drug efflux pumps and of transcription factors regulating the expression of these pumps (reviewed in reference 6). For example, the overexpression of the PDR5, SNQ2, and YOR1 genes, encoding transporters of the ATP-binding cassette (ABC) superfamily, has been shown to result in PDR (16, 36, 38, 57) . Although related in sequence, these transporters display distinct drug specificities: Pdr5p has been shown to confer resistance to cycloheximide (CYH), mycotoxins, and azole derivatives (9, 33, 38, 54) ; Snq2p has been shown to confer resistance to 4-nitroquinoline-N-oxide (4-NQO) and other chemicals (57) ; and Yor1p has been shown to confer resistance to oligomycin, reveromycin, and aureobasidin (16, 36, 46) .
Transcription of PDR5, SNQ2, and YOR1 is controlled by Pdr1p and Pdr3p, two homologous transcription factors belonging to the Zn 2 C 6 binuclear zinc cluster family (5, 7, 17-19, 21, 30, 34-36, 41, 43) . Dominant hyperactive mutations at the PDR1 or PDR3 locus lead to the PDR phenotype, which correlates with the overexpression of PDR5, SNQ2, and YOR1 (7, 12, 19, 21, 36, 41, 44) . Loss-of-function pdr1 and pdr3 mutants are hypersensitive to various drugs including CYH, 4-NQO, and oligomycin and display decreased levels of PDR5, SNQ2, and YOR1 expression (7, 12, 21, 36, 41) . Finally, Pdr1p and Pdr3p have been shown to regulate the expression of other transporter-encoding genes such as HXT9 and HXT11, which code for hexose transporters of the major facilitator (MF) superfamily involved in PDR (45) , as well as PDR10 and PDR15, which encode ABC transporters homologous to Pdr5p but whose role in PDR remains to be demonstrated (67) .
Transcription factors of the bZip family such as Yap1p are also involved in PDR. Overexpression of Yap1p has been shown to confer resistance to toxic compounds such as CYH, 4-NQO, sulfometuron methyl, 1,10-phenanthroline, and various prooxidants (11, 32, 38, 56, 59, 63, 68) . Yap1p has been shown to regulate the expression of the YCF1 gene, which encodes an ABC transporter that functions as a vacuolar glutathione-cadmium conjugate pump to confer cadmium resistance, and of the FLR1 and ATR1 genes, which code for two transporters of the MF superfamily involved in resistance to azole derivatives and to other unrelated drugs (1, 14, 63) .
Candida albicans is an opportunistic yeast that causes severe infections in immunocompromised individuals (22) . Among the different agents employed in antifungal therapy, the azole derivative fluconazole (FCZ) is the most widely used because of its low toxicity and its high efficacy (49) . However, the successful treatment of candidosis by FCZ has been impaired by the emergence of drug-resistant strains in patients undergoing long-term or prophylactic treatment, mostly AIDS patients (24, 39, 49) . Studies investigating the mechanisms of FCZ resistance in C. albicans have shown that a large number of resistant strains fail to accumulate FCZ due to an increased drug efflux. This correlates with the overexpression of the CDR1 and CDR2 genes, which encode two ABC transporters highly homologous to S. cerevisiae Pdr5p, and of the MDR1 gene, which codes for an MF transporter with high homology to S. cerevisiae Flr1p (25, 47, 53, 54) . We have recently cloned and characterized the C. albicans CAP1 gene, which codes for a bZip transcription factor structurally and functionally similar to the S. cerevisiae Yap1p protein and which activates transcription of the FLR1 gene when overexpressed in S. cerevisiae (1) . So far, the regulatory factors controlling the expression of CDR1, CDR2, and MDR1 in C. albicans have not been identified.
The isolation and characterization of a number of C. albicans genes involved in PDR have revealed that their protein products possess structural and functional homologues in S. cerevisiae, suggesting some similarity between the S. cerevisiae and the C. albicans PDR systems. By analogy to the wellstudied PDR network of S. cerevisiae, we hypothesized that, in C. albicans, transcriptional regulators functionally homologous to S. cerevisiae Pdr1p and Pdr3p might control the expression of the PDR5 homologues CDR1 and CDR2, causing azole resistance. The aim of the present study was to identify such regulatory factors. This was performed by screening a C. albicans genomic DNA library for functional complementation of an S. cerevisiae pdr1 pdr3 mutant host. This strategy has enabled us to isolate three C. albicans genes able to restore FCZ tolerance in the pdr1 pdr3 strain. This report describes the structural and functional characterization of the FCR1 (for fluconazole resistance 1) gene, which codes for a transcription factor of the C 6 zinc cluster family homologous to S. cerevisiae Pdr1p.
MATERIALS AND METHODS
Yeast strains and media. The S. cerevisiae haploid strain KY320 (MAT␣ ura3-52 ade2-101 trp1-81 lys2-801 his3-⌬200 leu2::PET56) and its isogenic derivative JY312 (MAT␣ pdr1 pdr3::URA3 ade2-101 trp1-81 lys2-801 his3-⌬200 leu2::PET56) were obtained from Joseph Martens, University of Western Ontario, London, Ontario, Canada. The C. albicans strain CAI4 (⌬ura3::imm434/ ⌬ura3::imm434) was used in this study (26) . Yeast cells were grown in yeast peptone dextrose (YPD) medium or in synthetic dextrose (SD) medium lacking uracil (SDϪura), leucine (SDϪleu), or tryptophan (SDϪtrp) (58) . Yeast transformations were performed according to the method described by Gietz and coauthors (27) . Cultures were routinely grown at 30°C.
Isolation of the FCR1, FCR2, and FCR3 genes. The YEp13-based C. albicans B792 genomic DNA library (a gift from Yigal Koltin, ChemGenics Pharmaceuticals Inc., Cambridge, Mass.) (51) was used to transform S. cerevisiae JY312 to leucine prototrophy. The transformants were grown on SDϪleu plates, pooled, and plated onto solid SDϪleu medium containing 4 g of FCZ per ml, a concentration at which the growth of JY312 cells carrying only the empty vector YEp13 is completely inhibited. The viable colonies were scored as FCZ resistant. The plasmids were isolated from 12 resistant colonies and subjected to restriction mapping analysis. Secondary transformants were found to be resistant to FCZ, confirming the plasmid dependency of the resistance phenotype.
Drug resistance assays. FCZ (a gift from Pfizer Canada Inc.) and ketoconazole (Medisca Inc.) were dissolved in water at concentrations of 10 and 20 mg/ml, respectively. Brefeldin A (Sigma) was dissolved in ethanol at 1 mg/ml. All stock solutions were kept at Ϫ20°C. For the MIC determination by plate assays, strains KY320 and JY312 transformed with plasmid YEp13 were streaked for single colonies on SDϪleu plates containing increasing concentrations of CYH or FCZ. Cell growth was evaluated after 3 days of incubation at 30°C. The MIC was determined as the lowest concentration of the drug at which cell growth was completely inhibited in this assay. For microtiter plate assays, cells grown for 48 h on selective SDϪleu medium were resuspended in a saline solution (0.85%) to an optical density at 600 nm (OD 600 ) of 0.1. These cells were then diluted 100-fold in SDϪleu medium. The diluted cell suspensions were added to roundbottom 96-well microtiter plates (50 l/well, in duplicate) in wells containing equal volumes (50 l) of medium with different concentrations of FCZ or drug-free medium. The plates were incubated at 30°C for 48 h. Cell growth was evaluated by reading the OD 650 in a microplate reader (Vmax; Molecular Devices). The relative growth was calculated as the percent growth in drug-containing medium relative to the control growth in drug-free medium. For the spot assays with the S. cerevisiae transformants, aliquots of serially diluted cultures grown overnight in selective SDϪleu medium were spotted onto SDϪleu plates containing FCZ at 4 g/ml or CYH at 0.04 mg/ml and incubated for 3 days at 30°C. For the C. albicans transformants, aliquots of serially diluted cultures grown overnight in selective SDϪura medium were spotted onto YPD plates containing different concentrations of FCZ, ketoconazole, or brefeldin A. The plates were photographed after 3 days of incubation at 30°C.
DNA sequencing and analysis. Complete sequencing of the FCR1 gene on both DNA strands was performed with custom synthesized oligonucleotides, using the automated sequencing facilities of the Sheldon Biotechnology Centre (McGill University, Montreal, Canada). Sequence analyses were performed with the University of Wisconsin Genetics Computer Group programs (20) and the National Center for Biotechnology Information (NCBI) software.
RNA preparation and Northern blot analysis. The S. cerevisiae and C. albicans strains were grown in the appropriate medium to an OD 600 of 1.0. Total RNA was isolated by the glass-bead extraction method. RNA samples (20 g) were electrophoresed on a 7.5% formaldehyde-1% agarose gel and transferred by capillarity onto a Zeta-Probe nylon membrane (Bio-Rad Laboratories, Mississauga, Ontario, Canada). Detection of specific RNAs was performed by hybridization at 65°C in 0.5 M NaPO 4 , pH 7.2-1 mM EDTA-7% sodium dodecyl sulfate-1% bovine serum albumin-100 g of salmon sperm DNA per ml with 32 P-labelled DNA probes, as previously described (1). The PDR5 probe was generated by PCR with primers 5Ј-CATACAGAAGCTCGAATC and 5Ј-CCA CAGTTGACTGATAGG and overlaps a region from ϩ111 to ϩ447 of the PDR5 gene (positions are relative to the translation initiation codon) (7). The FCR1 probe was a 2.3-kb VspI DNA fragment isolated from clone pDTF5. A PDA1 probe, consisting of a 1.1-kb HindIII-SacII fragment isolated from plasmid pUC4E1␣10 (65) , and an ACT1 probe (provided by Beatrice Magee, University of Minnesota, St. Paul, Minn.) were used as internal controls to monitor S. cerevisiae and C. albicans RNA loading and transfer.
Construction of a triple pdr1 pdr3 pdr5 mutant strain. The triple pdr1 pdr3 pdr5 mutant strain TY310 was obtained by deleting the chromosomal PDR5 gene in the JY312 strain by allele replacement, using the one-step PCR amplification method (8) . A 900-bp fragment containing the TRP1 gene was generated by amplification with the following primers: 5Ј-GAAATTAAAGACCCTTTTAAG TTTTCGTATCCGCTCGTTCGAAAGACGGAGAGGGCCAAGAGGG and 5Ј-GAGCTGGTAAATTCAAGAAAATTGAAATGTAGAAAGCTCGCTGA ATTCCTGCAGGCAAGTGCA. Each primer contains a sequence derived from the PDR5 open reading frame (ORF) (underlined) followed by a stretch of 17 nucleotides homologous to the TRP1 selectable marker. The PCR product was purified by using the QIAEX II gel extraction kit (QIAGEN Inc., Mississauga, Ontario, Canada), and 0.5 g of DNA was used to transform the JY312 strain to tryptophan prototrophy. Southern blot analysis with PDR5 or TRP1 as probes indicated that three of five Trp ϩ transformants analyzed carried the expected pdr5⌬::TRP1 allele. One of these three mutants (TY310) was chosen for further experiments.
Deletion of FCR1. The plasmid pGEM-7Zf(ϩ) (Promega, Madison, Wis.) was digested with ClaI and XhoI and ligated to a 4-kb ClaI-SalI fragment containing the FCR1 gene isolated from plasmid pDTF1, producing plasmid pGEM-7Z/ FCR1. This plasmid was digested with PacI and HincII to remove the entire FCR1 ORF, which was replaced with a 4-kb SalI-BglII fragment containing the hisG-CaURA3-hisG cassette from plasmid pMB-7 (26), to generate pGEM-7Z/ fcr1⌬. A linear 6-kb fcr1⌬::hisG-CaURA3-hisG fragment was released from pGEM-7Z/fcr1⌬ with SphI and SacI and used to transform C. albicans CAI4 to Ura ϩ prototrophy. Counter-selection of the URA3 gene was carried out on plates containing 5-fluoroorotic acid (5-FOA; 1 mg/ml) (10), with the exception that uracil was replaced by uridine (25 g/ml). 5-FOA-resistant colonies were submitted to a second round of transformation with the fcr1⌬::hisG-CaURA3-hisG fragment, followed by counter-selection on 5-FOA. All the strains were analyzed by Southern blotting at each step of the process to confirm their genotype at the FCR1 locus.
Construction of C. albicans FCR1 expression plasmids. The pVEC/FCR1 plasmid, which contains the complete FCR1 gene under the control of its own promoter, was constructed by cloning a 6.5-kb ClaI fragment, after it was isolated from pDTF5 and blunt-ended with T4 DNA polymerase, into the SmaI-cleaved pVEC vector, which carries a C. albicans autonomously replicating sequence and the CaURA3 gene as a selectable marker (a gift from Beatrice Magee, University of Minnesota) (40) . The YPB-ADH/FCR1 plasmid was constructed by inserting a 2.3-kb VspI fragment, after it was isolated from pDTF1 and blunt-ended with T4 DNA polymerase, into the BglII-cleaved YPB-ADHpt vector which carries the C. albicans ADH1 promoter and terminator regions, a C. albicans autonomously replicating sequence, and the CaURA3 marker (a gift from Alistair Brown, University of Aberdeen, Aberdeen, United Kingdom) (3). This construct places the FCR1 structural gene, flanked by 137 bp of 5Ј noncoding and 600 bp of 3Ј of noncoding sequences, under the control of the ADH1 promoter.
Genomic DNA isolation and Southern blot analyses. C. albicans genomic DNA was prepared essentially as described for S. cerevisiae (50) , except that zymolase was added at a final concentration of 0.8 mg/ml. Genomic DNAs (2 g) were digested with HindIII, electrophoresed on a 1% agarose gel, and transferred to a nylon membrane. Hybridization was performed as previously described (4), using a 2.3-kb VspI fragment from FCR1 or a 0.9-kb BamHI-BglII hisG fragment as probe.
Nucleotide sequence accession number. The nucleotide sequence of the FCR1 gene has been deposited in the GenBank database under accession no. AF057038.
RESULTS

PDR1
and PDR3 are required for normal FCZ tolerance in S. cerevisiae. Previous studies have demonstrated a prominent role for the S. cerevisiae regulatory factors Pdr1p and Pdr3p in the PDR phenotype (reviewed in reference 6). These transcription factors mediate their action by controlling the expression of different drug efflux pumps, including Pdr5p (7, 35) . Cells carrying a pdr5 deletion are hypersensitive to the antifungal agent FCZ (54) , suggesting that cells bearing a mutation in the PDR1 and PDR3 genes should display a similar phenotype. We have investigated the involvement of Pdr1p and Pdr3p in FCZ resistance by comparing the ability of the wildtype strain KY320 and its isogenic pdr1 pdr3 mutant derivative JY312 to grow in the presence of FCZ. To this end, both strains were transformed with plasmid YEp13 and assayed for resistance to FCZ and to CYH (a toxic compound known to belong to the PDR1, PDR3, and PDR5 spectrum of drugs) (6) by plating these transformants on SDϪleu plates containing increasing concentrations of these drugs. We observed that KY320 cells were unable to grow at 0.1 g of CYH per ml on synthetic medium, defined here as the MIC. As expected, this value was decreased to 0.025 g/ml for strain JY312, which carries a pdr1 pdr3 double mutation. Interestingly, we found that the growth of KY320 cells was inhibited at the FCZ concentration of 50 g/ml, whereas a concentration of FCZ of only 2 g/ml was sufficient to prevent the growth of JY312 cells. These data clearly demonstrate a functional role for the PDR1 and PDR3 genes in maintaining normal levels of FCZ tolerance in S. cerevisiae, presumably by supporting normal levels of PDR5 expression.
Cloning of C. albicans genes complementing the pdr1 pdr3 mutation. The marked hypersensitivity of strain JY312 to FCZ was used as a phenotype for functional complementation with a C. albicans genomic DNA library. JY312 cells were transformed with a C. albicans genomic library cloned in YEp13, a LEU2-based multicopy vector (51). Leu ϩ transformants were then plated on media containing 4 g of FCZ per ml, a concentration at which the growth of JY312[YEp13] transformants is completely inhibited. The plasmids from 12 FCZresistant colonies were purified and retransformed to confirm the plasmid dependency of the resistant phenotype. Restriction mapping analysis showed that four groups of plasmids were obtained, and one representative plasmid from each group was chosen for further analysis. These plasmids contain 3.4-, 2.8-, 9-, and 11.5-kb C. albicans DNA fragments and were designated pDTF1, pDTF2, pDTF3, and pDTF5, respectively (data not shown). Further restriction mapping indicated that the genomic DNA insert of pDTF1 was identical to an internal segment of the large insert of pDTF5.
To quantify the level of resistance conferred by each plasmid, we used a microtiter plate assay to determine the MIC of FCZ for the JY312 secondary transformants carrying plasmids YEp13, pDTF1, pDTF2, and pDTF3. The growth of the pDTF1 transformant was inhibited at 12 g of FCZ/ml, while cells transformed with pDTF2 and pDTF3 could grow in the presence of up to 3 and 8 g of FCZ/ml, respectively (Fig. 1) . The inability of cells transformed with pDTF2 to grow at concentrations of FCZ higher than 3 g/ml in this assay even though pDTF2 was isolated in a screen employing 4 g of FCZ/ml is probably due to differences between liquid assays and plate assays for drug tolerance. Nevertheless, these results confirmed that the FCZ resistance phenotype was indeed plasmid dependent. Southern blot analysis demonstrated that the genes carried by these plasmids were different from ERG16, CDR1, CDR2, MDR1, or CAP1 (1, 25, 37, 47, 53) , indicating that they contain new C. albicans FCZ resistance genes (data not shown).
Transcriptional control of the S. cerevisiae PDR5 gene by the three different C. albicans clones. Previous studies have demonstrated the involvement of the transporter-encoding genes PDR5 and FLR1 in FCZ resistance in S. cerevisiae (1, 54) . PDR5 expression is under the control of the two homologous zinc finger transcription factors Pdr1p and Pdr3p (35) , whereas FLR1 expression is under the control of the bZIP transcription factor Yap1p (1). In order to determine whether the FCZ resistance conferred by pDTF1, pDTF2, or pDTF3 in strain JY312 was associated with increased PDR5 and/or FLR1 expression, we performed a Northern blot analysis. Total RNA extracted from strains KY320 and JY312 transformed with YEp13 or from JY312 transformed with plasmids pDTF1, pDTF2, or pDTF3 was subjected to Northern blot analysis with a probe for PDR5 (Fig. 2, top panel) or for PDA1 (Fig. 2 , bottom panel), a gene which is constitutively expressed in S. Northern blot analysis of total RNA extracted from the wild-type strain, KY320, transformed with YEp13 and from the isogenic pdr1 pdr3 mutant strain, JY312, transformed with YEp13, pDTF1, pDTF2, or pDTF3. The filter was hybridized sequentially with PDR5 and PDA1 32 P-labelled probes. Autoradiography was carried out for 18 h for PDR5 and for 5 h for PDA1, with two intensifying screens at Ϫ80°C.
cerevisiae under different growth conditions and which is used as a standard for mRNA quantitation (65) . The amount of PDR5 transcripts was severely reduced in JY312[YEp13] cells lacking PDR1 and PDR3 as compared to the wild-type KY320[YEp13] cells, as expected from previous studies showing that PDR1 and PDR3 are required for maintaining normal levels of PDR5 expression (41, 43) . When the JY312 strain was transformed with pDTF1, pDTF2, or pDTF3, a reproducible increase in PDR5 mRNA levels was observed compared to the JY312[YEp13] control (Fig. 2) . Both pDTF1 and pDTF3 stimulate PDR5 transcription to levels similar to those detected in the wild-type KY320 cells transformed with the control plasmid, whereas only a slight increase in PDR5 mRNA is induced by pDTF2. This membrane was rehybridized with an FLR1 probe, showing that no FLR1 RNA was detected in KY320 [YEp13] or in the JY312 strain carrying the pDTF1, pDTF2, or pDTF3 plasmid (data not shown). These data (i) support the hypothesis that the pDTF plasmids contain functional homologues of PDR1 and PDR3 which are able to activate PDR5 expression, either directly or indirectly, and (ii) suggest that the FCZ-resistant phenotype conferred by pDTF1, pDTF2, or pDTF3 is PDR5-mediated.
To test this hypothesis, we deleted PDR5 from JY312. The resulting strain, TY310, was transformed with the above plasmids, and the transformants were tested for FCZ resistance by spot assay. As shown in Fig. 3 , JY312 cells transformed with plasmids pDTF1, pDTF2, or pDTF3 can grow on medium containing FCZ at 4 g/ml (with the highest level of resistance conferred by pDTF1), unlike JY312[YEp13] control cells, which barely grow under these conditions (Fig. 3, middle panel) . These results confirm our previous finding, obtained using a microtiter plate assay, that plasmids pDTF1, pDTF2, and pDTF3 can confer FCZ resistance to JY312 cells in liquid medium (Fig. 1) . However, deletion of PDR5 in the pdr1 pdr3 strain completely abrogated the ability of the three plasmids to confer FCZ resistance, demonstrating that PDR5 is required for the FCZ resistance phenotype conferred by pDTF1, pDTF2, and pDTF3 in JY312 cells. Similar results were obtained when the different transformants were tested for their level of resistance to CYH, another substrate of the Pdr5p transporter (Fig. 3, right panel) . These results are consistent with the hypothesis that pDTF1, pDTF2, and pDTF3 confer FCZ and CYH resistance through activation of PDR5 expression. The corresponding genes within these plasmids responsible for FCZ resistance have been named FCR1, FCR2, and FCR3 (for fluconazole resistance), respectively.
FCR1 encodes a putative regulatory factor, which is a member of the family of zinc cluster proteins. DNA sequence determination of the 3.4-kb insert in pDTF1 identified one ORF of 1,553 bp, whose sequence is presented in Fig. 4 . The most upstream in-frame ATG codon of the FCR1 ORF has a conserved adenosine at position Ϫ3, in agreement with the consensus sequence for translation initiation in yeast (23) . The 5Ј noncoding region contains a putative TATA box at position Ϫ151 (5Ј-TATAAT [29] ) followed by four pentanucleotide repeats (5Ј-TAATA) at positions Ϫ146, Ϫ137, Ϫ120, and Ϫ104 (positions are relative to the A of the ATG initiation codon set at ϩ1). DNA sequence determination of a 1-kb region downstream of the stop codon identified the presence of consensus sequences for mRNA 3Ј-end formation in yeast (data not shown) (28) .
FCR1 codes for a Ser/Thr-rich protein (21%) with a predicted molecular weight of 57,000 and an estimated isoelectric point of 6.98. The N-terminal domain of the Fcr1p protein contains six cysteines with a spacing conforming to the pattern CX 2 CX 6 CX 5-9 CX 2 CX 6 C and extending from amino acid positions 26 to 52 (Fig. 4) . This motif, referred to as the C 6 zinc cluster or the Zn 2 Cys 6 binuclear cluster motif, is present in the DNA-binding domain of several fungal transcriptional regulators, including the well characterized proteins Gal4p, Ppr1p, Put4p, Pdr1p, and Pdr3p (reviewed in reference 55). Upstream of the zinc cluster domain, a cluster of basic residues is found which could be involved in nuclear localization. Downstream of the zinc cluster, in the region spanning amino acid positions 69 to 92, there is a potential coiled-coil structure formed by three heptad repeats, each repeat containing an aliphatic residue at the first and fourth positions (Fig. 4) . Based on the crystal structures of Gal4p and Ppr1p, this coiled-coil structure is predicted to form an amphipathic ␣-helix and to mediate homodimerization (55) . The internal region of Fcr1p, overlapping residues 189 to 351, is highly charged and acidic (net charge, Ϫ8). It contains a stretch of nine glutamines interrupted by one leucine residue (Fig. 4) . Glutamine-rich sequences are found in several transcription factors that function as activators as well as repressors (60, 61) . The internal domain of Fcr1p also contains a potential ATP and/or GTP binding motif (known as Walker type A or P-loop motif) at amino acids 320 to 327 (GEPILGKT) (Fig. 4) that conforms to the consensus sequence GX 4 GKS/T/G (62). This motif is usually found in proteins that synthesize, bind, and/or hydrolyze ATP (62) . However, functional ATP and/or GTP binding motifs have been recently identified in a small number of transcriptional regulators (13, 15) , suggesting that this motif may be important for Fcr1p activity. Finally, the Fcr1p protein displays several putative phosphorylation sites for casein kinase II, protein kinase C, and cyclic-AMP-dependent protein kinase (not shown). The functionality of the different sequence motifs identified in Fcr1p remains to be determined.
Searching the S. cerevisiae genome database with the Fcr1p protein sequence, using the FASTA program, revealed similarity with the zinc cluster domains of several yeast regulatory factors. A high level of similarity was detected with two putative transcriptional regulatory factors encoded by the ORFs YMR019w (32% identity over 108 amino acids) and YIL130w (26% identity over 233 amino acids) and with Pdr1p (24% identity over 176 amino acids) (data not shown). A sequence alignment of the N-terminal regions of Fcr1p and Pdr1p shows that the two proteins are highly homologous in their DNAbinding domains (overlapping the conserved cysteine residues) but that the sequence homology extends further downstream   FIG. 3 . The PDR5 gene is required for the FCZ and CYH resistance phenotypes conferred by pDTF1, pDTF2, and pDTF3. Yeast strains JY312 (pdr1 pdr3) and TY310 (pdr1 pdr3 pdr5) were transformed with the plasmid YEp13, pDTF1, pDTF2, or pDTF3. The transformants were analyzed by spot assay for FCZ or CYH resistance on SDϪleu plates containing the indicated concentrations of FCZ or CYH. The plates were photographed after 3 days of incubation at 30°C.
into the predicted linker and dimerization domains (55) (Fig.  5A ). Our sequence analysis also revealed that the region spanning residues 266 to 449 in Fcr1p displays significant sequence homology with the C-terminal region of Pdr1p (Fig. 5B ). This domain of Pdr1p has been shown to interact in vivo with the coactivator/repressor ADA complex, an association which inhibits the transactivation activity of Pdr1p (42) . Furthermore, dominant gain-of-function mutations resulting in PDR due to the hyperactive transcription of the PDR5, SNQ2, and YOR1 genes in S. cerevisiae have been identified in the C-terminal domain of Pdr1p in the pdr1-8 and PDR1-12 mutants (L1036W and L1039Q; amino acid positions according to reference 5) (12, 64) . Our sequence alignment indicates that these two leucine residues are conserved in Fcr1p (Fig. 5B ). It will be interesting to test the effects of similar mutations in Fcr1p.
Construction of an FCR1 null mutant. To investigate the role of the FCR1 gene in drug resistance, we deleted both FCR1 alleles from the Ura Ϫ auxotrophic CAI4 strain, using the "ura-blaster" strategy (26) (Fig. 6A) . The hisG-CaURA3-hisG cassette was used to replace the entire FCR1 gene in pGEM-7Z/FCR1. The resulting construct was digested with SphI and SacI to produce a linear fragment consisting of the hisGCaURA3-hisG selectable marker flanked on both sides by FCR1 noncoding sequences (Fig. 6A ). This fcr1⌬::hisGCaURA3-hisG deletion fragment was then used to transform the CAI4 strain. The replacement of one chromosomal copy of the FCR1 gene with the fcr1⌬::hisG-CaURA3-hisG fragment in Ura ϩ prototrophs was verified by Southern analysis, using an FCR1 (Fig. 6B) or a hisG (Fig. 6C ) fragment as probe. The size of the 3.5-kb HindIII fragment corresponding to the intact allele of FCR1 (Fig. 6B, lane 1) was increased to 5.5 kb upon integration of the fcr1⌬::hisG-CaURA3-hisG cassette at this locus ( Fig. 6B and C, lanes 2) . Removal of the CaURA3 gene was achieved by counter-selection on 5-FOA. The size of the 5.5-kb fragment was decreased to 2.5 kb upon looping out of the CaURA3 gene via homologous recombination between the two hisG direct repeats (Fig. 6B and C, lanes 3) . Deletion of the second FCR1 allele was performed as described above to generate a Ura ϩ fcr1⌬::hisG/fcr1⌬::hisG-CaURA3-hisG strain ( Fig. 6B and C, lanes 4) . Finally, excision of CaURA3 on 5-FOA yielded strain FM7 (fcr1⌬::hisG/fcr1⌬::hisG). As FM7 cells generated from the final step of the disruption are auxotrophic for uridine, they are thus suitable for transformation with a URA3-based vector for the reintroduction of the FCR1 gene in a null mutant background. The FM7 strain is viable, and we found that there was no substantial difference between FIG. 4 . Nucleotide and deduced amino acid sequences of FCR1. Nucleotide and amino acid (boldface type) numbers are indicated on the left. In the 5Ј noncoding region, the putative TATA box is double underlined and the four TAATA repeats are underlined. The C 6 zinc cluster motif is boxed, and the conserved cysteine residues are circled. A potential coiled-coil structure consisting of three heptad repeats is shown (oval boxes), with the aliphatic residues in the first and fourth positions of each repeat shown in bold. The stretch of glutamine residues is underlined. The consensus ATP and/or GTP binding motif is boxed and shaded in grey.
FM7 and CAI4 cells with respect to colony size or growth rates on rich and minimal medium supplemented with different carbon sources (data not shown). These results indicate that the product of the FCR1 gene is not essential for growth of the CAI4 strain, at least under the growth conditions tested.
A Northern blot analysis was performed to analyze the expression of FCR1 in C. albicans and to verify the absence of FCR1 mRNA in the FM7 strain (Fig. 6D) . Total RNA was prepared from CAI4 and FM7 cells and analyzed with an FCR1 probe. This analysis revealed two FCR1-specific transcripts, a major transcript of 3 kb and a minor transcript of 2.1 kb (Fig. 6D, lane 1) . No FCR1 transcript could be detected with the FCR1 probe in total RNA extracted from FM7 (Fig.  6D, lane 2) , even after prolonged exposure of the blot (data not shown). These results demonstrate that the 3-kb and 2.1-kb transcripts are both FCR1 specific and confirm that the FCR1 gene has been successfully deleted in FM7 cells. Given that the size of the predicted FCR1 ORF is 1.5 kb, the results from the Northern blot analysis suggest that the FCR1 transcripts probably contain long 5Ј-and/or 3Ј-untranslated regions.
The loss of FCR1 results in hyperresistance of the cells to FCZ and other antifungal drugs. Since FCR1 is able to restore FCZ tolerance in a pdr1 pdr3 mutant strain through the activation of PDR5 expression in S. cerevisiae, we anticipated that the deletion of FCR1 in C. albicans would result in an increased susceptibility of the cells to FCZ. Unexpectedly, a comparison of the levels of FCZ susceptibility of the CAI4 (FCR1/FCR1) and FM7 (fcr1⌬/fcr1⌬) strains by spot assay demonstrated that the FM7 strain was more resistant to FCZ than the CAI4 strain (data not shown). The same phenotype was also observed with two additional homozygous fcr1⌬/fcr1⌬ strains independently derived from CAI4, corroborating the results obtained with FM7. To confirm that the hyperresistant phenotype of FM7 was a consequence of the FCR1 deletion, we set out to determine if reintroduction of the FCR1 gene in the FM7 mutant would restore wild-type levels of FCZ susceptibility to the cells. To this end, two vectors, each carrying a functional copy of the FCR1 gene, were constructed. First, a 6.5-kb ClaI fragment isolated from pDTF5 and containing the entire FCR1 gene, including the promoter region, was cloned into the pVEC vector (40) to produce plasmid pVEC/FCR1. Second, a plasmid consisting of the FCR1 coding region under the control of the strong C. albicans ADH1 promoter was constructed by inserting a 2.3-kb VspI fragment isolated from pDTF1 into the vector YPB-ADHpt (3), generating plasmid YPB-ADH/FCR1. The pVEC/FCR1 and YPB-ADH/FCR1 plasmids were introduced into FM7, and the resulting transformants were analyzed by Northern blotting for their levels of FCR1 expression, together with CAI4 and FM7 transformed with the pVEC and YPB-ADH empty vectors as controls (Fig.  7) . Total RNA was extracted from the different transformants grown in SDϪura selective media and analyzed simultaneously with the FCR1 and ACT1 probes. The results of this experiment confirmed the presence of the 3-kb and 2.1-kb FCR1 transcripts in the CAI4 cells transformed with the control vectors, transcripts which are absent in the FM7 transformants ( Fig. 7; compare lanes 1 and 4 with lanes 2 and 5, respectively) . FM7 cells transformed with pVEC/FCR1 were found to express both the 3-kb and 2.1-kb FCR1 transcripts, although at much lower levels than the CAI4[pVEC] transformants (Fig. 7,  lane 3) . In FM7 cells transformed with YPB-ADH/FCR1, a single FCR1 transcript of approximately 2.4 kb, which probably originates from the utilization of different transcription initiation and/or termination sites for FCR1 in the YPB-ADH/ FCR1 construct, was detected (Fig. 7, lane 6 ). This transcript is expressed at very high levels, given that the amount of RNA loaded was 50 times less for this sample than for the other (20) . Identical and conserved residues are shaded in black and grey, respectively, using the Boxshade program. The conserved cysteines in the C 6 zinc cluster motif are indicated by asterisks, and the leucine residues mutated in the gain-of-function pdr1-8 and PDR1-12 mutants (L1036W and L1039Q [12, 66] ) are indicated by arrows.
samples (thus resulting in the absence of ACT1 signal in lane 6).
These transformants were analyzed by spot assay to determine their levels of FCZ resistance (Fig. 8) . The results of this experiment confirmed that the FM7 strain, transformed with either pVEC or YPB-ADH, is more resistant to FCZ than the CAI4 strain transformed with the same plasmids ( Fig. 8 ; compare lanes 2 and 5 with lanes 1 and 4, respectively) . Moreover, introduction of pVEC/FCR1 in FM7 was found to revert the hyperresistant phenotype of the cells to a level of FCZ susceptibility similar to that observed in the CAI4[pVEC] transformants ( Fig. 8; compare lanes 3 and 1) , confirming that the hyperresistant phenotype of FM7 is indeed a consequence of the FCR1 deletion. Apparently, the low level of FCR1 expression detected in the FM7[pVEC/FCR1] transformants is sufficient to revert the FM7 hyperresistant phenotype (Fig. 7, lane  3) . Similar results were also obtained with the YPB-ADH/ FCR1 plasmid, confirming that the FCR1 ORF is sufficient for the reversion (Fig. 8) . These transformants were also tested by spot assay for their levels of susceptibility to the antifungal drugs ketoconazole and brefeldin A and yielded essentially identical results to those obtained with FCZ (Fig. 8) . Taken together, our results indicate that the FCR1 gene behaves as a negative regulator of drug resistance in C. albicans and demonstrate that azole resistance can result from the inactivation of a negative regulatory factor, such as Fcr1p.
DISCUSSION
The heterologous expression of C. albicans genes in S. cerevisiae constitutes a powerful approach to identify of C. albicans genes involved in different biological processes, including PDR. Based on the apparent conservation of the PDR networks between these two yeasts, we hypothesized that, in C. albicans, transcriptional regulators functionally homologous to S. cerevisiae Pdr1p and Pdr3p might control the expression of transporter-encoding genes to cause drug resistance. In this work, we have used functional complementation of an S. cerevisiae pdr1 pdr3 strain to isolate three C. albicans genes, named FCR1, FCR2, and FCR3, capable of complementing the FCZ hypersusceptibility of the mutant strain. As judged from the results of the drug resistance assays, complementation of the FCZ hypersusceptibility of the pdr1 pdr3 mutant strain by the three genes was only partial. This could be explained by the inability of a single factor to substitute for the simultaneous absence of Pdr1p and Pdr3p in that strain. Indeed, it has been shown that Pdr3p itself can only partially complement the CYH hypersusceptibility of a double pdr1 pdr3 strain (18) . Alternatively, this partial complementation could be a consequence of the heterologous expression of C. albicans genes in S. cerevisiae cells, as previously reported for other C. albicans genes (1) . Northern blot analysis showed that each of these C. albicans genes is able to increase the expression of the PDR5 gene in the mutant strain and therefore is likely to encode a transcriptional regulatory factor. Overexpression of these genes in the wild-type PDR1 PDR3 parental strain did not result in increased FCZ resistance, consistent with the idea that they probably encode functional homologues of the Pdr1p and Pdr3p proteins (data not shown). For FCR1, this hypothesis was supported by nucleotide sequencing of the gene which was found to code for a regulatory factor belonging to the yeast zinc cluster family and which is homologous to S. cerevisiae Pdr1p (Fig. 5) .
Sequencing of the S. cerevisiae genome has revealed the existence of a large family of regulatory factors characterized by the presence of a zinc cluster DNA-binding domain (55) . This domain contains six highly conserved cysteine residues that bind to two zinc atoms, forming a structure (Zn 2 Cys 6 ) which is required for the recognition of specific DNA sequences. Zinc cluster proteins have been shown to bind as homodimers to a pair of CGG triplets oriented either as direct, inverted, or everted repeats (reference 31 and references therein). The presence of a perfectly conserved zinc cluster motif clearly identifies Fcr1p as being a member of this family 5 contained 20 g, and lane 6 contained 0.4 g) were electrophoresed on an agarose gel and transferred to a nylon membrane. The membrane was hybridized simultaneously with an FCR1 probe and an ACT1 probe. Autoradiography was for 36 h, with two intensifying screens at Ϫ80°C. (Fig. 4) . In addition to the zinc cluster DNA-binding domain, the general structure of these proteins includes a dimerization element, a linker region that connects the dimerization element to the zinc cluster, and various transactivation domains (48, 55) . All of these domains were also found within Fcr1p (Fig. 4) . In addition, many members of this family, including Gal4p, Pdr1p, and Pdr3p, also contain a weakly conserved internal region with potential regulatory functions, called the middle homology region, which is apparently absent in Fcr1p (55) .
Sequence comparison analyses indicate that the zinc cluster domains of Fcr1p and Pdr1p are 53% identical and that this homology extends further downstream into the linker and dimerization domains. Also, the C-terminal domain of Fcr1p displays 29% identity with the C-terminal domain of Pdr1p, which has been shown to interact with the coactivator/repressor ADA complex and is believed to function as a transcriptional activating domain (42) . Moreover, we find that two leucine residues, which are mutated in gain-of-function mutants of Pdr1p and which are associated with increased levels of PDR5 mRNA in these mutants, are conserved in Fcr1p (Fig.  5B) (5, 12, 64) . Therefore, Fcr1p shares with Pdr1p two functional modules which could be involved in the transcriptional activation of PDR5 in S. cerevisiae: a DNA-binding domain to recognize upstream activating sequences in PDR5 and an activation domain to interact with the basal transcriptional machinery. Sequence comparison analysis did not identify other regions of homology between Fcr1p and Pdr1p outside these two domains. This is not surprising, given that the two proteins have quite different lengths (1,068 amino acids for Pdr1p versus 517 amino acids for Fcr1p). Consequently, it is difficult to conclude whether Fcr1p is the orthologue of Pdr1p in C. albicans. Nevertheless, our data clearly show that the two proteins are structurally and functionally related.
Different lines of evidence indicate that the ability of FCR1 to restore FCZ tolerance in the JY312 (pdr1 pdr3) strain is PDR5 mediated. First, expression of FCR1 in JY312 results in increased levels of PDR5 expression (Fig. 2) . Second, deletion of PDR5 in JY312 completely abrogates the ability of FCR1 to restore FCZ resistance in the TY310 (pdr1 pdr3 pdr5) strain, indicating a functional interaction between FCR1 and PDR5 (Fig. 3) . Third, the FCR1 gene product is homologous to Pdr1p and Pdr3p, which are involved in the transcriptional control of PDR5 (Fig. 5) . Biochemical analyses have identified three sites in the PDR5 promoter, designated PDREs (for Pdr1p and/or Pdr3p response elements), with the consensus sequence 5Ј-T CCGCGGA, which are bound in vitro by both Pdr1p and Pdr3p (34, 35) . Mutational analyses of these sequences have shown that each PDRE site is required for PDR5 promoter function and for drug resistance (35) . It is thus possible that Fcr1p directly activates PDR5 transcription in S. cerevisiae by binding to the PDREs present in the PDR5 promoter. However, it is also possible that Fcr1p activates the expression of PDR5 through binding to DNA sequence elements distinct from the PDREs or that Fcr1p controls the expression of PDR5 in an indirect manner, by activating other factors involved in the regulation of PDR5.
We have investigated the role of Fcr1p in C. albicans drug resistance by deleting the FCR1 gene in strain CAI4. Surprisingly, we found that the resulting fcr1⌬/fcr1⌬ deletion strain was more resistant to a number of structurally unrelated drugs, including FCZ, ketoconazole, and brefeldin A (Fig. 8) as well as fluphenazine and itraconazole (data not shown), than the wild-type CAI4 strain. This phenotype was confirmed by the facts that (i) three independently derived fcr1⌬/fcr1⌬ deletion strains were found to display the same hyperresistant phenotype (data not shown) and that (ii) introduction of a plasmidborne copy of the FCR1 gene in the fcr1⌬/fcr1⌬ mutant was able to revert the hyperresistance of the cells to a level of susceptibility similar to that of the CAI4 parental strain (Fig.  8) . Moreover, we found that the fcr1⌬/fcr1⌬ mutant strain was not more resistant to other drugs, such as 4-nitroquinoline-Noxide and 1,10-phenanthroline, demonstrating that the drugresistant phenotype resulting from the fcr1⌬/fcr1⌬ deletion is not generalized, but is indeed specific for certain types of drugs (data not shown). Taken together, these results clearly indicate that Fcr1p functions as a negative determinant of PDR in C. albicans. This finding was unexpected, in light of our demonstration that Fcr1p behaves as a positive regulator of both PDR5 and drug resistance in S. cerevisiae. A potential reason for this difference is that, as already shown for other C. albicans genes, FCR1 could behave as a mutant when expressed in a heterologous host such as S. cerevisiae (66) . An explanation for the hyperresistance of the fcr1⌬/fcr1⌬ mutant strain is that Fcr1p functions as an inhibitor of PDR in C. albicans by negatively regulating the expression of one or more target gene(s) mediating this resistance. Interestingly, we find that the set of toxic compounds to which the fcr1⌬/fcr1⌬ mutant strain is hyperresistant overlaps with those to which CDR1-and CDR2-deleted strains are hypersensitive (52, 53) . Consequently, one may postulate that Fcr1p negatively regulates the expression of CDR1, CDR2, or other genes conferring similar phenotypes in C. albicans. Alternatively, it is possible that Fcr1p positively regulates a gene whose expression confers drug sensitivity. Such a situation has been previously identified with the HXT9/ HXT11 genes, which are under the control of PDR1 and PDR3 and whose deletion results in increased resistance to different drugs (45) . The identification of the Fcr1p gene targets and the determination of whether Fcr1p acts as a positive or negative regulator should lead to a better understanding of the molecular mechanisms of drug resistance in this pathogenic yeast.
